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ABSTRACT

Modern naval warfare has been increasingly dependent upon the
acoustic silencing of the participants. Constrained viscoelastic layer
damping of vibrating elements is one method which can be used to meet
acoustic silencing goals. This paper considers constrained viscoelastic
layer damping treatments applied to a thick aluminum plate, including
single layer, double layer, a milled pocket plate, and a milled “floating
element” configuration. High modal damping values were obtained for
each damping configuration. The Modal Strain Energy method, using
finite element analysis to estimate modal loss factors, was investigated for
use as a tool in constrained viscoelastic layer damping design. A
comparison of experimentally measured frequency response and modal
loss factors with those predicted by the modal strain energy method is
presented to confirm the possible use of the modal strain energy method as

a design tool.
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L INTRODUCTION

A. BACKGROUND
Modern naval warfare, especially undersea warfare, depends heavily
on the vessel being acoustically silent. A major source of radiated noise is
the vibration of shipboard components. The reduction of these vibrations is
of utmost importance if a ship is to accomplish its mission. One method of
vibration damping that shows promise in damping over a broad spectrum
of low frequency vibration is constrained viscoelastic layer damping. The
constrained viscoelastic layer method uses shear deformation in
viscoelas.tic material to absorb and dissipate the vibrational energy of the
system in question. Unfortunately the design and analysis of such
constrained viscoelastic layer systems is difficult, due in part to the
following:
* The material properties of viscoelastic damping materials vary
greatly with temperature and frequency.
* Closed form solutions to the equations of motion exist only for beams
and plates with simple boundary conditions.
* The necessity for large amounts of computer storage and CPU time to
conduct finite element analysis of constrained viscoelastic layer
damping systems because of a large number of elements and the

variation of material properties with frequency.




A finite element technique developed by Johnson and Kienholz
known as the Modal Strain Energy (MSE) method uses structural strain
energy to approximate the damping of a structure with an applied
constrained viscoelastic damping system [Ref. 1]. Previous work by Maurer
addressed the effectiveness of the MSE method for two damped plate
configurations: 1) a simple sandwich configuration, and 2) a plate with a
milled pocket with damping material inserted and a welded cover plate
acting as a constraining layer [Ref.2]. Difficulties with the welded cover
plate were reported because during welding, the cover plate warped and
delaminated itself from the damping material, resulting in negligible

damping [Ref. 2].

B. PURPOSE

For certain naval applications the components t> be damped will be
thick in construction and may be exposed to an unfriendly environment.
This paper addresses the experimental testing and analysis of four thick
aluminum plates, each with a different constrained viscoelastic layer
damping treatment.

This research further investigated the pocket plate configuration and
also investigated a constrained viscoelastic layer damping system using
two separate layers of damping material. In addition, a second milled plate
using a “floating element” in conjunction with constrained layer damping

was tested. The MSE method is used to analyze each of the structures, and




its accuracy and usefulness as a possible design tool are investigated.
Although the intended use of the MSE method is tne design of complex
damping structures, simple plate geometries were used to facilitate the

experimental and computational effort.




1. THEORY

A. VISCOELASTIC MATERIAL

Viscoelastic materials of interest for general naval applications are
polymeric compounds made up of long molecular chains. These molecular
chains can be strongly, or weakly, linked together, depending on their
chemical composition and processing. The damping characteristics of
viscoelastic arise from the deformation and recovery of the polymer
network. Material properties of a viscoelastic material vary with
temperature and frequency. As such, the damping characteristics of a
system will vary as its operating environment changes. [Ref. 3]

Temperature will have the greatest effect on the material properties
of damping materials [Ref. 3]. This effect is shown in Figure 2.1, where
four distinct regions are observed. The lowest temperature region is the
glassy region where the material’s storage modulus is at its maximum
value, and the loss factor is at a minimum. In the glassy region the
modulus decreases slowly with temperature increase, whereas the loss
factor increases rapidly with temperature. The second region is the
transition region where the modulus decreases rapidly with increasing
temperature and the loss factor reaches its peak value. The third region is
the rubbery region where both the modulus and loss factor are at low values
and show little variation with temperature. The fourth, and last, region is

the flow region and characterizes the behavior of some materials, mostly




ceramics, at high temperatures. It should be noted that the transition
region may vary in width from 20 °C up to a width of 200 °C. [Ref. 3]

The effect of frequency on viscoelastic materials is not as great as that
of temperature. The modulus of the viscoelastic always increases with
increasing frequency. The loss factor will initially increase with frequency,
then peak, and subsequently decrease as frequency increases. A plot of
storage modulus and loss factor versus frequency is shown in Figure 2.2. It
should be noted that this plot is over a range of approximately ten decades,
and hence it becomes obvious that a temperature change of a couple degrees
will have a much greater effect on damping than a minor change in

frequency. [Ref. 3]
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Figure 2.1. Variation of viscoelastic material

properties with temperature [Ref. 3].
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Figure 2.2. Variation of viscoelastic material properties

with frequency and constant temperature [Ref. 3].

Linear viscoelastic materials behave in a hysteretic manner under

cyclic excitation. Therefore, the mechanical behavior of a viscoelastic

material during steady state vibration is best described by using a complex

stiffness, k* [Ref. 3].

k" =k +in) (2.1)
where,

1 = material loss factor




The use of a complex stiffness then leads to the use of a complex Young’s

modulus and shear modulus [Ref. 3].

E'=EQ +in) (2.2)
G =G +in) 2.3)

This concept of the complex modulus is used in subsequent analysis.
Viscoelastic material properties are commonly displayed using a
“reduced frequency nomogram.” The reduced frequency nomogram
displays the variation of the viscoelastic material’s loss factor and modulus
with temperature and frequency. The “reduced frequency”, fut, is an
empirically determined function that accounts for the viscoelastic’s
temperature and frequency dependence, and allows data for wide range of
temperature and frequencies to be plotted on the same graph [Ref 4]. The
reduced frequency nomogram for 3M ISD - 112 is shown in Figure 2.3. To
find the loss factor and modulus using the nomogram, enter with the
desired temperature and frequency. Follow the frequency line horizontally
and the temperature line diagonally down the page until the two intersect.
Then go vertically up or down to intersect the shear modulus or loss factor
curves. Finally, read the value of the shear modulus or loss factor

horizontally from the scale on the left [Ref. 4].
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B. CONSTRAINED VISCOELASTIC LAYER DAMPING

A simple constrained layer damping treatment consists of a base
layer (the structure to be damped), a damping layer, and the constraining
layer. This configuration is shown in Figure 2.4 with the thicknesses of the

damping and constraining layers exaggerated for clarity.

CONSTRAINING LAYER : H3
DAMPING LAYER 3 He
BASE LAYER Hi

Figure 2.4. Simple constrained viscoelastic layer configuration.

The physical mechanism of damping can be explained by referring to
Figure 2.4. When the base layer is deformed in a mode of vibration, the
surface away from the neutral axis elongates, stretching the viscoelastic
material. The top layer, being a stiff elastic material, tends not to elongate,
and thereby “constrains” the viscoelastic material. Consequently, the cyclic
motions of vibration induce a cyclic shearing strain in the viscoelastic.
This cyclic shearing strain, together with its associated hysteresis loop
cause the vibrational energy to be dissipated as heat. For the constraining
layer to be effective, its stiffness should not exceed that of the base layer.
[Ref. 4 & 5]




C. SYSTEM EQUATIONS CF MOTION
Continuous systems, such as plates, possess distributed

characteristics of mass, damping, and stiffness. Classical vibration
analysis of such systems involves the formation of a mathematical model
that discretizes the system into a finite number of components in order to
approximate the total system. Such a formulation results in the following
equation:

[M] {x(t)} + [C] {x(t)} + [K] {x(t)} = (F(t)) (2.4)

where,

[M] = system mass matrix

[C] = system damping matrix

[K] = system stiffness matrix

{F(t)} = external excitation vector

{x(t)} = displacement vector

For an undamped system without excitation, the above equation reduces to

the eigenvalue problem.
[M] {5(t)} + [K] {x(t)}) =0 (2.5)

This equation is then transformed to modal space using the linear

transformation:

{x(t)) =[¢] (q®)) (2.6)

10




where,

[¢] = modal matrix

{q(t)} = modal response vector

Using this linear transformation the equation of motion can then be solved
for the undamped modal frequencies and mode shapes.
To solve for the frequency response of a damped system, the linear

transformation is applied to equation (2.4):
(][] (&) + [C1[6] {a®) + K1 [0] (a®) = (F©) @7

Assuming that the damping matrix [C] is proportional to a linear
combination of the stiffness matrix [K] and mass matrix [M], the damping
matrix can then be diagonalized using the same linear transformation

used to diagonalize [K] and [M] in equation (2.5) above. The diagonal terms

of the damping matrix then become (njwj), where nj equals the modal loss
factor and ; is the natural frequency of the ith mode [Ref. 1] . Using this
approximate diagonal damping matrix results in a system of uncoupled

modal equations of motion:
Gi(t) + Mianc(t) + wg;(t) = £(t) (2.8)

where,
G(t) = modal acceleration of ith mode
G(t) = modal velocity of ith mode
g(t) = modal displacement of ith mode

1; = modal loss factor of ith mode

11




= ith natural frequency

fi(t) = modal force in ith mode

j=VT
Assuming that a sinusoidal excitation produces a sinusoidal response,
(f0) = (fle*  {a) = (Qlex 2.9)

the response for the ith mode is then solved to be:

£
Q= ! (2.10)
o2 - 02 + jomim
Subsequently, the response of the physical system can be found using:
(x(t)} =[0] (Q)eie* (2.11)

D. MODAL STRAIN ENERGY METHOD

The equations of motion used to define the response of a system with
viscoelastic materials need a complex eigenvalue analysis. However, the
actual solution of these equations may be quite difficult. This is especially
true when the system to be analyzed is comprised of materials whose
properties vary with both temperature and frequency. Finite element
techniques are generally used to compute the response of complicated
systems. However, for the case of varying material properties many time

consuming and costly runs must be made with the material properties

12




changing at each frequency increment [Ref. 1]. In addition to the costly
analysis of a single design configuration, changes in design options, design
requiremencs, of the search for an optimum design can make the expense
of finite element analysis too great. The development of the Modal Strain
Energy (MSE) method by Johnson and Kienholz, however, makes the finite
element analysis of complex viscoelastically damped structures a viable
option [Ref. 1].

The MSE method assumes that a damped structure can be
represented by the normal modes of the associated undamped system if
appropriate damping terms are inserted into the uncoupled modal
equations of motion (eqn 2.8) [Ref. 1]. The MSE method further assumes
that the damping matrix of equation (2.4) can be diagonalized by the same
real modal matrix that diagonalizes the system mass and stiffness
matrices of equation (2.4).

The modal loss factors of equation (2.8) are calculated using the
undamped mode shapes and material loss factors for each material. Since
the material loss factors of the structure to be damped and the constraining
layers are quite small compared to those of common viscoelastic cores, the

modal loss factors can be estimated using the following equation [Ref. 1]:

(212)

where,

N® = system loss factor in the rth mode

13




nf,') = material loss factor of viscoelastic core at the rth

natural frequency

th

V{) = strain energy in the viscoelastic core at r*P mode

V() = strain energy in the entire structure at r*h mode

The modal strain energies can be obtained for finite element analysis, and
are a standard output option of the NASTRAN finite element code [Ref. 7].
The modal frequency response of the structure is then calculated
using the modal loss factors found in equation (2.12). When computing the
modal frequency response of a damped structure, the modal properties in
the system matrices are assumed to be constant. However, viscoelastic
materials have storage moduli which are frequency dependent. To account
for this frequency dependence, Johnson and Kienholz devised the following
correciion factor to be applied to the modal loss factors calculated in

equation (2.12) [Ref. 8].

®_nm [ GaE)
Ne' =M Garet (213)

where,

n

Go(f,) = viscoelastic shear modulus at the rth modal

= corrected modal loss factor at the rth mode
frequency

Ga ref = reference viscoelastic shear modulus used in the

frequency response calculation

14




IIL. DESIGN OF DAMPED PLATES

A. GENERAL SPECIMEN CONFIGURATIONS

For experimental testing and analysis purposes, four different, yet
related, constrained layer damping treatments were selected in addition to
an undamped “reference” plate. Two of the damping configurations were
simple sandwich treatments consisting of one and two viscoelastic layers
respectively. Another treatment was the “pocket plate” which was
previously investigated by Maurer [Ref. 2]. The pocket plate was made from
a solid plate which was then milled to accept damping material and a cover
plate. The final damping treatment was a “floating element” configuration
consisting of a solid plate milled to accept a double layer of damping
material and a welded cover plate. Section views of these damping
configurations are shown in Figure 3.1.

The purpose of the pocket plate is to protect the viscoelastic material
from materials such as o0il and salt water, which may harm the
viscoelastic. Since previous attempts at using a welded cover plate were
unsuccessful due to the heat of welding causing a delamination between
the damping material and cover plate [Ref. 2], it was decided to move the
viscoelastic material from the welding point by recessing it into a shallow
pocket of its own as shown in Figure 3.1.

The “floating element” concept evolved because the welded cover plate
of the pocket plate configuration does not produce the damping reaction that

a true constraining layer would provide. If the cover plate is welded to the

15




surrounding structure it cannot deform in bending as much as an
unwelded constraining layer, thereby causing a reduction in the damping
capability of the system. By using a piece of metal in the milled pocket with
dimensions slightly smaller than the surrounding pocket, along with two
layers of viscoelastic and a welded cover plate, a true constraining layer

effect should be obtained. This configuration is shown in Figure 3.1.

Lk bk okl ko kol lnloeledlonedin

Single layer configuration

A A S S S S S A S A S S S S S 8 4

rzrrrrrrrrzrrzzzzl  Double layer configuration

mezm-' Milled “pocket plabe”

e Plate with “floating element”

Figure 3.1. Generalized damping treatment configurations.

In order to approximate a possible system to be damped, a plate with
large dimensions was selected. The dimensions of the plates used for the
damping treatments are 114.3 cm (45 in) in length and 38.1 cm (15 in) in
width. In addition, possible naval applications for this type of damping
would probably consist of thick plate members. For this reason it was also

decided that thick plates would be used for the damping treatments. All the

16




base plates and constraining layers were made of a standard 6061-T6
aluminum alloy. The design and selection of viscoelastic layer, base layer,

and constraining layer thicknesses is discussed in the following sections.

B. DESIGN OF THE SINGLE DAMPING LAYER CONFIGURATION
In an attempt to approximate system loss factors and hence
determine viscoelastic and constraining layer thicknesses for maximum
damping, a method developed by Nashif [Ref. 9] based on an analysis of
simple sandwich damping systems by Ross, Kerwin, and Ungar [Ref. 10]
was used. The Ross - Kerwin - Ungar (RKU) equations are base of the

analysis of the simple sandwich system shown in Figure 3.2.

CONSTRAINING LAYER fH3
DAMPING LAYER : H2
BASE LAYER H1

Figure 3.2. Elements of a simple sandwich damping system.

17




To find the loss factors of the damped system, the flexural rigidity of
the system must first be determined. For the above system, the flexural

rigidity, EI, is written as [Ref. 9]:

E;H} A E.H3 EsH3 2
=181, B2 H;D
E 12 + 12 + 12 +E1 1

+ EoHy(Hg; — DP+ EgHy(Hg; — DY

_[Eﬁ + E2Ho, D)4 EgHy(Hy, - D) Ha-D 3.1)
12 2 l+g
where,

EgHy{ Hor - 1) + gfB3HsHy + EoHoHa)

D EH (3.2)
E1H1 + 22 2 + g(ElHl + E2H2 + E3H3)
Hj = }—IL';& + Hp (3.3)
Hyy = it Ho @4
-G (3.5)
EsH3HoK

E = Young’s modulus

G = Shear modulus

I = second moment of area

H = thickness of member

K2 = wave number

Subscripts refer to the layers labzled in Figure 3.1

No subscript refers to the composite system

18




For a simply supported plate the wave numbers and modal frequencies are

found using [Ref.9]:

- K2 EH3gc
Wy = Knm’\/ 12(1 ~ vz)Hp (3.6)
2
Kim = (8] + (mE) (3.7)

where,
a = semi—-wave length of the plate
b = semi—wave width of the plate
v = Poisson’s ratio of the composite plate
p = density of the composite plate

g. = gravitational constant

To introduce damping into the equations it is necessary to use the
complex modulus concept expressed in Section II. Substituting the
appropriate expressions for the complex shear and Young’s modulus into

equations (3.1), and assuming that damping in the base layer, (ny), is

small, and that the extensional stiffness of the damping layer is small

(since E9 << Eq and Eg << E3), the following expressions can be arrived at

[Ref.9]:

EH® = E(Hf + EgH + —12 (o — B - 3 (3.8)
c2+d

19




EH% = EsHang + —12— (o — B - 3)m (3.9)
c2 + d2

where,

o = gE H;EsHsH% c(1 —nang) + d(nz + na) + jenz +n3)]}  (3.10)

B = E1H;EoHoHg; [c + dnz + j{cnz — d)) (3.11)

2
0 = 2gEoHoEsH3H (1 - 2nzng - n3) + d(2n2 + ng - n3na) 312
gEoHoE3H3Ho Hay . J{c(z'flz +M3 -ﬂ%ﬂs)— d(l - 2ngn3 —Tl%)] (312)

¢ =E H;(1 + g) + gEzH3(l —n2ns) (313)
d = gE1Hyng + gEsHg(nz + n3) (3.14)
j=Y1 (3.15)

These equations were then applied to estimate the loss factors of the simple
three-layer sandwich plate. The equations can be simplified by assuming
that damping in the constraining layer (n3) is negligible [Ref.9].

Since the boundary conditions for the plate used in this research
(free-free-free-free) do not correspond to the simply supported conditions on
which equation (3.7) is based, modal frequencies for the free-free case were
estimated using results from finite element analysis of a free-free plate and
equation (3.6). The natural frequencies of an undamped plate with the
dimensions previously given, and a thickness of 1.91 cm (0.75 in) were
found using a normal mode extraction in NASTRAN. By substituting these
modal frequencies into equation (3.6) and estimate of the wave parameter

for each mode, K2,,, was obtained. Then, by using an iterative procedure
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outlined in Reference [9], modal loss factors were estimated for different
layer thicknesses over a temperature range of 0.0 °C to 37.8 °C (30 °F to
100 °F).

The previous equations are easily programmed to compute loss
factors for a wide variety of conditions. The variation of viscoelastic
material properties with temperature and frequency was accounted for
using a curve-fit to the reduced frequency nomogram developed by Drake
[Ref. 11]. The material data for the following curve-fit equations is from the

University of Dayton Research Institute [Ref. 12].

o200

log1o(M) = log1 ML) + [1 N (FRQM ] (3.16)
FR
log1o(ETA) = log; ( ETAFROL) (3.17)
+1[ASL +SH) + (SL-sHiL -1+ 7] ™
_ __12(T-Te)
log; o(FR) = log; o(F) (525 + T—T0) (3.18)
A = log10o(FR) - logio(FROL) (3.19)

C
where,
M = viscoelastic modulus
ETA = viscoelastic material loss factor
FR = reduced frequency (Hz)
F = frequency (Hz)

T = temperature (°F)
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and,
T0 = 40 °C (104 °F)
FROM = 2.0x104 Hz
MROM = 4.75x106 Pa (688.94 psi)
n =0.275
ML = 6.0x104 Pa (8.7 psi)
ETAFROL =1.08
SL =0.45
SH =—0.55
FROL = 5000 Hz
C=25

In addition to the above constants, a Poisson’s ratio of 0.49 and a density of
0.909 gram per cubic centimeter (0.035 Ibm/in3) was used for ISD-112
[Ref.12]. The following material properties were used for 6061-T6

aluminum [Ref.13].

E =70 GPa (10x106 psi)
v=0.33
p = 2.7 gm/cm3 (0.0968 Ibm/in3)

Using the previous equations and material properties, a computer
program was written to compute estimated modal loss factors and
frequencies for a variety of base layer, viscoelastic layer, and constraining
layer thicknesses. A listing of this program appears in Appendix A.

Modal loss factors were computed for base layer thicknesses of 9.53 mm
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(0.375 in) to 19.05 mm (0.75 in) in 3.18 mm (0.125 in) increments. For each
base layer thickness, the viscoelastic thickness was varied from 0.38 mm
(0.015 in) to 1.52 mm (0.060 in) in 0.38 mm increments, and the
constraining layer thickness was varied from 1.59 mm (0.0625 in) to
6.35 mm (0.25 in) in 1.59 mm increments. In addition, loss factors were
also computed for a viscoelastic thickness of 0.127 mm (0.005 in). From the
results of the analysis, a carpet plot [Ref. 3], was made for each of the base
layer conditions. The carpet plot reflects, for the the first mode, the
maximum loss factor and its corresponding temperature for each
viscoelastic layer/constraining layer thickness configuration. The carpet
plot for a base layer thickness of 12.7 mm (0.50 in) is shown in Figure 3.3.
Based on the carpet plots and a desire for maximum damping, as well as a
system which could be moved easily, a base layer thickness of 12.7 mm
(0.50 in), a viscoelastic thickness of 0.38 mm (0.015 in), and a constraining
layer thickness of 6.35 mm (0.25 in) was selected. The total system
thickness was approximately 19.05 mm (0.75 in). This total system
thickness would be maintained for all subsequent damping configurations.
To maintain continuity between damping systems, the milled “pocket
plate” was given a viscoelastic thickness of 0.38 mm and a cover plate
thickness of 6.35 mm for a total system thickness of 19.05 mm (0.75 in). In
order to keep the heat of welding away from the viscoelastic material, the
ISD-112 was recessed into a shallow pocket as indicated previously in
Figure 3.1, and as shown in the pocket plate system arrangement in

Figure 3.4. Detail drawings of the pocket plate are shown in Appendix C.
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Figure 3.3. Carpet plot for a base layer thickness, H1 =12.7 mm.
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Figure 3.4. General arrangement of the pocket plate configuration.




C. DESIGN OF THE DOUBLE DAMPING LAYER

The design of the double layer damping system was accomplished
using a modification of the RKU analysis used in the previous section. The
RKU equations are used by working from the top layer of the damping
system down. towards the base layer. As shown in Figure 3.5, the H3'
constraining layer along with the H2' viscoelastic layer are combined with
the H1' layer to form a three-layer system. Using the RKU equations, the
stiffness of this system is computed and considered to be the equivalent
stiffness of the top three layers of the total constrained layer damping
system. The top three layers were then considered as a single layer with
the equivalent stiffness previously calculated, and the RKU equations were
again applied to compute estimated modal loss factors for the entire double

layer damping system. [Ref.3]

CONSTRAINING LAYER H3'
VISCOELASTIC H2'
CONSTRAINING LAYER H1'
VISCOELASTIC H2
BASE STRUCTURE H1

Figure 3.5. General configuration of the double

constrained layer system.
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To maintain continuity among all the damping configurations, a
base layer thickness of 12.77 mm (0.50 in) was chosen, and a total system
thickness of 19.05 mm (0.75 in) was maintained. A design for high
damping was then selected by computing modal loss factors for the
constraining and damping layer thickness combinations shown in Table
3.1. The estimated modal loss factors for the first mode of vibration in each
configuration are plotted as shown in Figure 3.6. A listing of the program
used to compute the loss factors is in Appendix B.

From the data presented in Figure 3.6, viscoelastic thickness of
0.38 mm (0.015 in) and constraining layer thicknesses of 3.18 mm (0.125 in)
were selected for the double layer configuration. This particular
configuration estimates high damping over a wider temperature range

than the other thickness combinations.

TABLE 3.1. THICKNESSES USED IN CALCULATION OF DOUBLE
LAYER MODAL LOSS FACTORS.

Configuration 1 2 3 4 5 6

H2 (mm) 038 038 038 076 038 114
H1' (mm) 318 238 318 238 238 238
H2' (mm) 038 038 038 076 114 038
H3' (mm) 318 318 238 238 238 238
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Figure 3.6. Modal loss factors for double constrained layer
damping configuration.

The milled “floating element” plate uses the same viscoelastic and
constraining layer thicknesses as the simple two-layer configuration. In a
design similar to that of the pocket plate, the floating element and both
layers of viscoelastic are recessed into a milled opening as shown
previously in Figure 3.1 and further described in the floating element

system configuration of Figure 3.7.

28




Figure 3.7. Floating element system configuration.
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IV. EXPERIMENTAL RESULTS

A. TESTING ARRANGEMENT

Experimental testing was performed on each of the four damping
configurations and the undamped reference plate. In order to approximate
the free-free-free-free boundary condition, each plate was suspended from
the roof of the testing chamber using elastic cords as shown in Figure 4.1.
All of the tests were performed in a temperature controlled environmental
chamber which enabled temperatures to be maintained within 1 °C. The
primary component and user interface was the Hewlett-Packard (HP)
3562A Dynamic Signal Analyzer (DSA). The HP-3562A was used to provide
a swept sine signal to a vibration generator, and analyzed the returning
data signals. The HP-3562A was used to compute the frequency response
and coherence over a range of 50 Hz to 1050 Hz using the discrete Fourier
Transform in the sweot sine mode. Ten averages were performed at eack
data point using a frequency resolution of 625 mHz per step. The source
level output to the vibration generator was set at 1.5 volts.

A schematic of the testing apparatus is shown in Figure 4.2. Swept
sine source signals were fed from the output jack of the HP-3562A to a
Wilcoxon F3 vibration generator via the piezoelectric output of a Wilcoxon
PA7C power amplifier. The vibration generator was mounted 73.48 c¢cm
(28.93 in) from one end, and 12.7 ¢cm (5.0 in) from the front edge of each
specimen as shown in Figure 4.3. An integral force transducer was

mounted in the kase of the vikration generator to measure the force input to
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the plate. This force signa: was then fed to input channel one of the DSA
via a PCB 462—-A charge amplifier. Plate accelerations were recorded at
various points using a PCB 303A—-03 accelerometer as shown in Figure 4.3.
Acceleration data was fed to input channel two of the DSA via a PCB 482A05
power supply. Frequency response and coherence data was then recorded
on disk for further analysis.

Temperatures within the testing chamber were maintained using a
NESLAB RTE-8 refrigerated circulating bath which pumped fluid through
a small heat exchanger in the testing chamber as shown in Figure 4.2. In
order to accurately monitor the temperature of the plates, a small

thermocouple was inserted in the base of each plate.

SUPPORTING BEAM

ELASTIC CORDS

THERMOCOUPLE
L 4

SHAKER

S

ACCELEROMETER @ TEST PLATE

Figure 4.1. Configuration of plate in testing chamber.
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Figure 4.2. Experimental testing system schematic.
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B. TESTING PROCEDURE
1. Undamped reference plate
An undamped, reference, frequency response measurement
was made at a temperature of 15.6 °C (60 °F) to set a standard response by
which to measure the effectiveness of the damping treatments. The
undamped frequency response was recorded over a frequency range of
50 — 1050 Hz using a resolution of 625 mHz per point in the DSA.
2. Damped plate measurements
Frequency response measurements of the damped plates were
made at a temperature of 15.6 °C (60 °F) at several nodes on the plates in
order to capture the damped response of as many modes as possible. A
representation of these nodes is shown in Figure 4.3. Responses were
recorded over a frequency range of 50 — 1050 Hz with a resolution of
625 mHz per point in the DSA. Zoom measurements were also made to
capture better data for certain modes. Modal loss factors were then
estimated from the frequency response and coherence measurements

using a curve-fitting technique described in Reference [14].

C. SINGLE DAMPING LAYER RESULTS

The single damping layer treatment was tested at 4.44 °C (40 °F),
15.6 °C (60 °F), and 26.7 °C (80 °F) so that the effects of temperature on the
damping treatment could be determined. A plot of the single damping
layer frequency response at 15.6 °C is shown in Figure 4.4. The single layer
damping treatment resulted in high damping with modal loss factors
ranging from 0.223 at 53.4 Hz to 0.091 at 876.6 Hz. Due to the coupling of

modes, loss factors for all modes were not measured. The f{requency
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response of the damped plate is characterized by a frequency shift to the left
and a smoothing of the frequency response when compared to the
undamped reference plate. The single layer treatment was especially
effective at reducing the frequency response of a mode cluster between 650
and 950 Hz. The frequency band of this cluster was shifted approximately
200 Hz with the amplitudes of the responses of the modes being
dramatically reduced. The single layer treatment was also effective at
reducing the amplitude of the response peaks over the entire spectrum of
measurement. On average, the highest peaks of the frequency response in
the undamped condition were reduced by 25 decibels, a reduction of 17.8
times.

The effect of temperature on the damping was quite pronounced as
shown in Figure 4.5. As the testing temperature was decreased, the
viscoelastic layer became stiffer and damping levels were increased. A
comparative listing of the loss factors at different temperature is in Table
4.1 and a plot of the modal loss factors is shown in Figure 4.6. Figure 4.5
shows the trend of increased damping with temperature decrease, and a
corresponding shift of modal frequencies to the right as the viscoelastic
becomes stiffer. These changes are especially discernible at the lower

frequencies.
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TABLE 4.1. MODAL LOSS FACTORS FOR THE SINGLE DAMPING
LAYER AT DIFFERENT TEMPERATURE.

4.44 °C (40 °F) 15.6 °C (60 °F) 26.7 °C (80 °F)
fHz) 1 f(Hz) n f(Hz) n
643 0.217 53.7 0223 490 0117
1028 0.223 891 0145 835 0.089
1574 0.203 1389 0172 129.6 0.082
2084 0.183 1881 0184 1779 0.072
3275 0.158 3016 0120 2439 0.062
4401 0.144 4248 0109 4094 0.053
4749 0.205 4768 0111 4503 0.066
6531 0.079 6081 0.067 5529 0.068
7680 0135 6442 0.069 586.7 0.052
8520 0.093 7225 0130 6293 0.042
919.0 0104 8176 0.081 6814 0.096
9535 0.073 8766 0.091 7901 0.049
8582 0.056
9781 0.069
0.30
B 444°C
X 156°C
£ %o 8 267°C
3 020+ @
= x
2 x e
a
é L X xx X
§ 0107 o s "
= “aa a” .n,:? g ® fa
0.00 v L v ] L hd § v
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Frequency (Hz)

Figure 4.6. Comparison of modal loss factors for the single layer

configuration at different temperatures.
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D. DOUBLE DAMPING LAYER RESULTS

The double layer damping configuration was also tested at 4.44 °C,
15.6 °C, and 26.7 °C. The frequency response of this configuration at 15.6 °C
as compared to the undamped reference plate is shown in Figure 4.7.
Damping in the double layer configuration is also high, with modal loss
factors ranging form 0.301 at 53.3 Hz to 0.107 at 832.4 Hz. Due to modal
coupling loss factors for all modes were not measured. The frequency
response of the two-layer configuration is also characterized by a dramatic
reduction in response amplitude and a frequency shift to the left. The peak
undamped responses were reduced by an average of 27 decibels, or a
reduction of 22.4 times from the reference condition.

The effect of temperature on the double layer damping treatment is
shown in Figure 4.8. As with the single layer case, damping in the double
layer configuration increased with a decrease in temperature. This
configuration also shows the shift of modal frequencies to the right as
temperature decreases and the viscoelastic becomes stiffer. Modal loss
factors for the double layer configuration are listed in Table 4.2, and are
plotted for comparison in Figure 4.9.

To compare the effectiveness of the single layer and double layer
configurations their frequency responses at 15.6 °C are plotted in Figure
4.10 with a plot comparing modal loss factors in Figure 4.11. The two
responses are quite similar although the double layer configuration does

show an increase of approximately 22 percent in modal loss factor.
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TABLE 4.2. MODAL LOSS FACTORS FOR THE DOUBLE LAYER

CONFIGURATION AT DIFFERENT TEMPERATURE

4.44 °C (40 °F) 15.6 °C (60 °F) 26.7 °C (80 °F)
fHz2) 1 f(Hz2) 1 fHz) n
519 0.273 563 0.301 49.7 0202
1225 0.224 871 0.215 819 0188
2127 0187 1421 0217 1276 0156
2905 0197 1905 0212 1724 0117
3827 0174 2978 0139 2782 0.097
4942 0144 3668 0.154 317.7 0.077
5582 0169 4193 0125 3961 0.070
6022 0198 4412 0100 4285 0.077
6424 0157 618.7 0.098 6020 0.067
7528 0168 6809 0.096 6384 0.072
81564 0159 7155 0.060 7380 0071
8963 0156 8324 0107 8026 0077
9683 0130 8461 0.050
0.40
8 444°C
® 156°C
£ 0307 ¢ X 26.7°C
B
= 2
2 0209 %3 4 @
= x @ g o &
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Figure 4.9. Comparison of modal loss factors for the double layer at

different temperature.
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E. POCKET PLATE RESULTS

The milled pocket plate was constructed as previously shown in
Figure 3.3. The constraining layer, or cover plate, was welded in place
using tack welds in an attempt to keep the damping material away from the
heat of welding, and the cover plate from warping, instead of using a
continuous weld bead as was previously attempted [Ref. 2]. The cover plate
was welded to the base at the corners, at the midpoint of the short side and
at three equally spaced locations along the long dimension as shown in
Figure 4.12. Following welding the plate was tested to ensure that the
viscoelastic had not been damaged by the heat of welding.

- —— -

- i -

Figure 4.12. Location of tack welds on the cover plate
of the pocket plate configuration.

The pocket plate was tested at 15.6 °C (60 °F) and the frequency
response is shown in Figure 4.13. The response indicates that the
viscoelastic layer was not damaged by welding and that good damping was
attained. Modal loss factors ranged from 0.067 at 62.1 Hz to 0.090 at 923 Hz.
Although damping is good, it is approximately half that of the single layer

configuration. One reason for this is that the viscoelastic material does not.
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completely cover the base structure. Another reason is the presence of the
welded cover plate. Due to the welded conditions the cover plate cannot
induce shear deformation in the viscoelastic layer as well as a true
constraining layer, and therefore produces less damping than the single
layer configuration. The effects of the welded cover plate are especially felt
in modes below 300 Hz where the frequency response is quite peaked. The
response curve becomes more rounded and the effects of the damping layer
are seen as frequency increases.

The modal loss factors for the pocket plate are listed in Table 4.3 and
are plotted in Figure 4.14. Even though the damping is less than the single
layer, the plate is still adequately damped as shown in the frequency
response plot in Figure 4.13. In this configuration the modal loss factors
remained relatively constant throughout the testing spectrum. The
increase in modal loss factor values above 800 Hz is due primarily to modal
coupling, and the measured modal loss factors in this range are not

reliable.
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TABLE 4.3 MODAL LOSS FACTORS FOR THE
POCKET PLATE CONFIGURATION.

f(H2) n f(H2) n
62.1 0.067 565.3 0.043
93.4 0.042 625.7 0.047
1420 0.056 643.2 0.049
194.9 0.060 687.0 0.044
308.9 0.051 841.9 0.056
437.5 0.041 891.5 0.077
495.6 0.036 923.0 0.090
0.10
0.09 - 15.6 °C ]
£ 0084
LS a
007"
= 006" o
= 4 a a
g 0.05 o _ g ]
0044 ° 8
0.03 L v 1 § | §
0 200 400 600 800
Frequency (Hz)

Figure 4.14. Modal loss factors versus frequency for
the pocket plate configuration.
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F. FLOATING ELEMENT RESULTS

The milled “floating element” configuration was constructed as
previously showr. in Figure 3.7. The cover plate was welded in a fashion
similar to tne pocket plate as shown in Figure 4.12. The center
constraining layer, or floating element, was made slightly smaller than the
surrounding structure thus allowing the floating element to act as a “true”
constraining layer.

The frequency response of the floating element configuration at
15.6 °C (60 °F) is shown in Figure 4.15. The floating element is quite
effective as the response shows a good reduction in peak modal response.
Measured modal loss factors range from 0.089 at 66 Hz to 0.064 at 935 Hz. A
listing of measured modal loss factcis is in Table 4.4 and are plotted in
Figure 4.16. As with the previous cases, the frequency response of the
floating element configuration is characterized by a frequency shift to the
left and a smoothing of the response as frequency increases.

In a comparison of the pocket plate and floating element
configurations, the frequency responses are plotted in Figure 4.17. A
comparison of modal loss factors for the ‘wo configurations is shown in
Figure 4.18. The two frequency response plots are similar, however, the
frequency response of the floating element configuration is more rounded
than that of the pocket plate. The major difference between the two
configurations is seen in Figure 4.18. Modal loss factors for the floating
element show an average increase of 25 percent over those of the pocket
plate. Reasons for this increase are the added constraining effect of the

floating element and additional layer of damping material presernt
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TABLE 4.4 MEASURED MODAL LOSS FACTORS FOR THE FLOATING

ELEMENT CONFIGURATION.
f(H2) n f(Hz) n
66.0 0.089 508.1 0.089
1049 0.040 540.6 0115
154.0 0.094 618.7 0.121
2114 0.058 656.7 0.100
272.8 0.063 708.6 0.088
3235 0.075 857.6 0.089
435.8 0.090 9354 0.064
0.14
0.12 a
§ 0.10 1 Q
o 1 e a (o] (o]
g oosj -
% 006- g @ @
< ]
0.04
0.02 T T T——p——
0 200 400 600 800 1000
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Figure 4.16. Modal loss factors for the floating element configuration.
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V. FINITE ELEMENT RESULTS

A. UNDAMPED REFERENCE PLATE

The first step in the finite element analysis procedure was to model
and analyze the undamped reference plate for its modal frequencies and
frequency response. The finite element model was generated using
PATRAN, a computer aided interactive graphics program developed by
PDA Engineering. PATRAN is widely used for conceptual, preliminary,
and detailed design and analysis of complex systems. One of PATRAN’s
major advantages is in the interactive construction of finite element models
for use by MSC/NASTRAN, and its ability to display MSC/NASTRAN
results in an easily understood graphic format [Ref. 15].

The reference plate was modeled using 84 plate (QUAD4) elements as
shown in Figure 5.1. The QUAD4 element is an isoparametric element
with four nodes, one at each corner of the element [Ref. 7]. A normal mode
extraction was then performed in order to compare numerical results with
experimentally determined modal frequencies. Once satisfactory
agreement between the modal frequencies calculated in NASTRAN and
those obtained experimentally was attained, a direct frequency response
calculation was performed in NASTRAN. This frequency response was
then used as the reference response for further finite element models
incorporating viscoelastic damping treatments. The excitation for the
frequency response calculation was a sinusoidal force with an amplitude of

1.0 applied at node 66. The response point was node 58 as shown in Figure
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5.1. These two nodes correspond to the points on the plates used in the
experimental portion of the research where the vibration generator and

accelerometer were attached.

166 EXCITATION
Y POINT

RESPONSE QUTPUT [ S8

POINT_‘r
! | ] | 1

Figure 5.1. Finite element model of the undamped reference plate.

B. SINGLE DAMPING LAYER

The modeling of the single constrained layer damping system was
done using techniques described by Joh -on and Kienholz [Ref. 1]. As
shown in Figure 5.2, the viscoelastic layer is modeled using solid (HEXA)
elements, while the base layer and constraining layer were modeled using
QUAD4 elements. The HEXA element is a solid, isoparametric element
having eighi nodes, one at each corner of the element with three
translational degrees of freedom at each node [Ref. 7). The use of solid
elements for the viscoelastic layer allows the strain energy due to shearing
to be adequately represented. Plate elements are used in the base layer and

constraining layer because of their ability to account for stretching and
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bending deformations. The plate element allows its nodes to be offset from
the plate’s center to the surface of the plate, coincident with the corner
nodes of the solid viscoelastic elements [Ref. 1]. Thus, the single
constrained layer system was modeled using only two layers of nodes, a
simple process in PATRAN. For the single layer configuration, a model
having 84 elements per layer, and an element meshing scheme shown in

Figure 5.2 was used.

EXCITATION POINT
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B4 HEXA ELFMENTS

127 CM {050 IN) RASE LAYER
OFFSET -N 64 CM (-0 25 W)
84 QUAD4 ELEMENTS

Figure 5.2. Finite element representation of the

single constrained layer.
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Once the damped plate had been modeled, normal mode extractions
were made using MSC/NASTRAN. Five separate runs were conducted
using the material properties of ISD-112 at 50, 200, 500, 800, and 1000 Hz
and at a temperature of 15.6 °C (60 °F). In addition to the modal
frequencies, the strain energy in the viscoelastic elements and the entire
model were output from NASTRAN.

Since the shear modulus of a viscoelastic material changes with
frequency, it was necessary to estimate the actual modal frequencies of the
damped plate using an interpolation procedure outlined by Johnson and
Kienholz [Ref. 16]. The first step of the interpolation process was to plot the
shear modulus of ISD-112 versus frequency from 5 to 1000 Hz. Then, for
the first mode, using NASTRAN results based on ISD-112 material
properties a 50 Hz, the first modal frequency predicted by NASTRAN and
the corresponding shear modulus were plotted. The same was then done
using the first natural frequency predicted by normal mode extraction
based on ISD-112 material properties at frequencies of 500 and 1000 Hz. A
curve was then passed through these three points. The point where the
NASTRAN modal frequencies for the first mode intersected the ISD-112
shear modulus curve was taken to be the interpolated modal frequency of
the single damping layer conﬁgqration. A plot of the intersection of these
two curves for the first and second modes is shown in Figure 5.3. This

interpolation process was then repeated for each mode through 1000 Hz.
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Figure 5.3. Interpolation of the first and second modal frequencies

for the single constraining layer configuration.

Once the interpolated modal frequencies were found, the modal
strain energy equations (2.14) and (2.15) were used to compute modal loss
factors for the single layer configuration. A set of modal loss factors was
computed based on the modal strain energies computed using viscoelastic
properties at reference frequencies of 50 ,200, 500, and 800 Hz. A set of
compcosite modal 10ss facwors for the modal frequencies near these reference
frequencies was then selected. The resulting modal loss factors are shown
in Table 5.1 and are plotted versus frequency in Figure 5.4. As seen in
Figure 5.4, the modal strain energy method is predicting high damping for
this configuration with an average modal loss factor of 0.195.
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TABLE 5.1. MODAL LOSS FACTORS FOR THE SINGLE
LAYER CONFIGURATION AS COMPUTED USING
THE MODAL STRAIN ENERGY METHOD

f(Hz) n f(Hz) n
63 0.249 517 0.237
95 0.181 586 0.217
153 0.234 632 0.164
202 0.212 663 0.155
285 0.229 712 0.180
322 0.214 827 0134
447 0.200 869 0.152
463 0.108 883 0.115
483 0.258
0.30
: o
. 025 T o
3 ] ] a
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Figure 5.4. Estimated modal loss factors for the single layer configuration
with the curve fit used for the MSC/NASTRAN damping table.
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Using the set of composite modal loss factors, the modal frequency
response of the damped plate was computed using MSC/NASTRAN. Modal
damping was introduced to the model using the SDAMP option in the Case
Control Deck and the TABDMP1 damping table in the Bulk Data Deck as
described in the MSC/NASTRAN Handbook for Dynamic Analysis [Ref. 17].
Since NASTRAN uses a linear interpolation between points in the damping
table to describe the modal damping in the model [Ref. 7], a simple curve fit
was applied to the set of composite modal loss factors as shown in
Figure 5.4. Points from this curve fit were then used in the NASTRAN
damping table. To compute the modal frequency response, a unit excitation
force was applied at the same node as the undamped plate, and the node
used for the response was also the same as the undamped plate.

The results of the modal frequency response calculations are shown
in Figure 5.5. The dashed line represents the undamped reference plate,
and the solid line represents the modal frequency response of the single
layer configuration. Material properties at 200 Hz were used for the
ISD-112 damping material. The first thirty modes were used in the modal
summation for the response. A listing of the MSC/NASTRAN data deck

used to compute the modal frequency response is in Appendix D.
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The modal loss factors estimated using the modal strain energy
method are compared to those measured experimentally for the single layer
configuration in Figure 5.6. The estimated loss factors are greater than the
experimentally determined loss factors throughout the spectrum of
interest, and especially in the middle frequencies.

The modal frequency response of the single layer configuration is
compared to the experimentally measured frequency response in
Figure 5.7. The comparison was accomplished by normalizing both the
experimentally determined frequency response and the frequency response
computed in NASTRAN. Both responses were normalized using a value of

; 2
1.0 &/lsbﬂ‘ . The effects of the greater loss factors estimated by the modal

strain energy method are obvious as the level of the predicted response is
lower than the measured response. The shift in frequency between the two
curves is due to the finite element model being inherently stiffer than the
actual system. The correlation between the two curves is especially good
below 250 Hz as this is where the differences between estimated and

measured modal loss factors are the least.
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C. DOUBLE DAMPING LAYER

The modeling of the double constrained layer damping system was
accomplished as shown in Figure §.8. The double layer configuration
consists ¢f a base layer modeled with offset QUAD4 elements, two
viscoelastic layers consisting of HEXA elements, and the top constraining
layer modeled with offset QUAD4 elements. The middle constraining layer
was modeled using three layers of HEXA elements in order to give this
layer the stiffness necessary to act as a constraining layer. The model was
meshed using 60 elements in each layer as shown in Figure 5.8.

Using this model, the modal strain energy method was applied to
determine approximate modal frequencies and loss factors for the double
layer configuration. To determine the loss factors, normal mode
extractions were performed using reference frequencies of §0, 200, 500, 800,
and 1000 Hz. A composite set of modal loss factors for the double layer
system was then compiled based on the estimated modal frequency’s
relation to the reference frequency used to calculate modal strain energies.
This composite set of modal loss factors is listed in Table 5.2, and is plotted
in Figure 5.19 as a comparison to the experimentally determined modal
loss factors for the double layer configuration. The estimated modal loss
factors for the double layer show high damping, but they compare favorably

with those measured experimentally.

61




0.318CMm 0.125 1Ny OONSTRMNING LAYER
OFFSET 0,159 CM (0.063 Ny
60 QUAD4 ELEMENTS

0.039 M (0.015 IN} 1SD.112 VISCOELASTIC
60 HEXA ELEMENTS
(

0318CM (0125 Ny CONSTRAINING LAYER
3LAVERS HEXA ELEMENTS
60 ELEMENT PERLAYER )

0.028 C 0.015 IN) 15D. 1 12 VISCOELASTIC
60 HEXA ELEMENTS

127 CM (050 IN) BASE LAYER
OFFSET ~0.64 CM (025 iN)
60 QUAD4 ELEMENTS

Figure 5.8 Finite element Tépresentation of the double layer configuration.
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TABLE 5.2. ESTIMATED MODAL LOSS FACTORS FOR THE DOUBLE

LAYER CONFIGURATION.
f(Hz) n f(Hz) n
59 0.278 544 0.209
89.5 0.219 578 0141
140 0.239 593 0.131
189 0.213 659 0177
258 0.214 754 0.102
300 0.205 783 0.076
402 0179 802 0144
427 0.176 956 0.077
456 0.264 969 0.111
486 0.242 94 0.048
0.40
a8 15.6°C
¢ MSE Method
2 0301 @
[} ® ®
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Figure 5.9. Modal loss factors for the double layer configuration
as determined from the modal strain energy method

and determined experimentally.
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The modal frequency response of the double layer configuration was
computed in a manner similar to the single layer in that smoothed loss
factor data was used in the MSC/NASTRAN damping table. Likewise, a
unit excitation force was applied, and the first thirty modes were used in
the modal summation. The results of the modal frequency response
calculation are shown in Figure 5.10. The dashed line represents the
undamped response, and the solid line represents the frequency response of
the double layer configuration.

The frequency response calculated using NASTRAN was compared
to the experimentally determined frequency response of the double layer
configuration as shown in Figure 5.11. Comparison of the two frequency
response curves shows similarity in form, but a much lower response level
for the numerically determined response. Once again this could be due to
the higher damping predicted by the modal strain energy method and the

inherently higher stiffness of the finite element model.
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D. POCKET PLATE RESULTS

The pocket plate configuration was modeled with the same offset
plate elements and solid viscoelastic elements as the single layer
configuration. However, the pocket plate required the modeling of the
milled structure around the viscoelastic material and the welds between
the cover plate and milled plate. A representation of the model is shown in
Figure 5.12. The base structure, cover plate, and the structure immediately
around the cover plate was modeled using offset plate elements. The
viscoelastic material and the portion of the structure immediately adjacent
to it were modeled using the solid HEXA elements. Since the viscoelastic
material and cover plate are physicaily separated from the surrounding
plate, eicept where the viscoelastic is adhered to the base structure, care
was necessary in creating the finite element mesh.

The model was created in PATRAN using PATRAN’s node editing
and equivalencing capabilities [Ref. 18]. This allowed the generation of a
finite element mesh with two nodes at the same geometric point in space.
Using this node editing technique, a mesh was created which allowed the
viscoelastic and cover plate to vibrate separately from the surrounding
structure, yet at the same time, keep the number of elements and nodes in
the model to a minimum. The welded points on the cover plate were also
modeled using node editing techniques. At weld points the finite element
node on the cover plate was equivalenced with its corresponding node on the
base structure, resulting in a single node and a connection between an
otherwise separate base structure and cover plate. At non-welded points

on the cover plate there were two nodes at the same geometric point; one to
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represent the cover plate, and the other to represent the base structure. The
model was meshed using a 5x11 mesh resulting in 40 elements in the cover
plate, viscoelastic and base layer as shown in Figure 5.12.

Using this modeling scheme, the modal strain energy method was
employed to estimate the modal frequencies and loss factors. Normal mode
extractions were made using viscoelastic material properties at 50, 200, 500,
800, and 1000 Hz. Using these reference frequencies a composite set of
modal loss factors was obtained. These loss factors are listed in Table 5.3
and are plotted versus frequency in Figure 5.13. The estimated loss factors
give good damping over the spectrum of interest with an average modal loss
factor of 0.075. As with the previous cases, damping values used for the
modal frequency response calculation came from a curve—fit to the set of
composite modal loss factors.

The modal frequency response of the pocket plate was computed
using the first 30 modes and viscoelastic material properties at 200 Hz. The
resulting estimated frequency response is shown in Figure 5.14. The
response shows a definite frequency shift to the left along with good
damping of the frequency response when compared to the undamped

response.
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TABLE 5.3. ESTIMATED MODAL LOSS FACTORS FOR THE POCKET

PLATE CONFIGURATION.
f(Hz) 1 f(Hz) 1
67 0.046 511 0.113
109 0.034 588 0.104
162 0.091 625 0.086
2175 0.063 668 0.089
295 0.091 713 0.077
333 0.047 831 0.077
453 0.07 834 0.065
477 0.093 868 0.051
0.12
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Figure 5.13. Estimated modal loss factors versus

frequency for the pocket plate.
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The estimated modal loss factors and modal frequency response for
the pocket plate were compared to those measured experimentally. The
loss factor comparison is shown is Figure 5.15 and the frequency response
comparison is shown in Figure 5.16. The estimated modal loss factors are
higher than those measured experimentally, however, the frequency
responses compare quite favorably with each other. The frequency
response curve calculated through finite element analysis has a lower
response level and a frequency shift to the right of the measured frequency
response. This is expected due to the increase in damping predicted by the
modal strain energy method and by the fact that the finite element model is

inherently stiffer than the physical system.
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Figure 5.15 Comparison of experimentally measured and numerically

estimated modal loss factors for the pocket plate configuration.
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VL CONCLUSIONS

Constrained viscoelastic layer damping is an extremely effective
method for reducing broadband vibration. In each of the experimental
cases the peak amplitudes of frequency response were reduced by
approximately 25 decibels, a reduction of 18 times below the undamped
reference plate.

Of particular note are the performance of the pocket plate and
floating element configurations. Although they are not ideal
configurations in terms of “true” constrained viscoelastic layer damping,
the damping levels achieved are quite satisfactory. In a final comparison of
experimentally determined modal loss factors for the four treatments, the
double layer configuration yields the greatest damping and the pocket plate
the least. This comparison is shown in Figure 6.1. As was previously
reported in Section 1V, tl floating element configuration yielded an
average increase of 25 percent over the modal loss factors of the pocket
plate. It is also noted that the average modal loss factor for the pocket plate
is approximately 50 percent of the average modal loss factor of the single
layer configuration. Similarly, the average modal loss factor for the
floating element configuration is approximately 50 percent that of the

double layer treatment.
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Figure 6.1. Experimental modal loss factor comparison

for the four damping configurations.

The modal strain energy method tends to overpredict the modal loss
factors for these highly damped, thick plates. Although the modal strain
energy method predicted modal loss factors greater than those measured,
the same relative differences in modal loss factor between damping
configurations are maintained as shown in Figure 6.2. The estimated
modal loss factors for the pocket plate are approximately 60 percent less
than those of the single layer configuration This indicates that there is a
consistency between the damping values predicted by the modal strain

energy method and those of the actual physical system.
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Figure 6.2. Comparison of numerically estimated modal loss factors for

the single layer, double layer, and pocket plate configurations.

There are several possible reasons for the differences between the
experimentally determined modal loss factors and those estimated by the
modal strain energy method. The first is that the material properties of
ISD-112 as reported by the 3M Corporation on the reduced frequency
nomogram may not be consistent with the material properties actually
present in the material used. Since the numerical analysis was based on
the reported material properties this is a possible source of uncertainty in
the results.

The second source of uncertainty is in the adhesion of the ISD-112 to
the aluminum plates. Although the plates were clean when the ISD-112
was applied, it was noted that the adhesive qualities of the ISD-112 were not
uniform throughout the material. A lack of adhesion may cause a

reduction in the damping capability of the system.
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Another source for the difference between the experimental results
and numerical results lies within the finite element model. The number of
elements used in the model greatly affects its “stiffness.” As the number of
elements 1s increased the model should become less stiff and results are
expected to approach those that are measured. Also, the type of element
used to model the base layer and constraining layer may have an effect. In
this research plate elements were used to model both the base and
constraining layers. It is possible that one or more layers of solid elements
may produce results that agree better with experimental results.

The modal strain energy method is a useful tool for vibration
damping design, however, the method appears to overestimate modal loss
factors for thick, highly damped plates by as much as 50 percent. In each
configuration that was modeled, the modal loss factors estimated below
300 Hz were fairly close to the actual values, and above 300 Hz the difference
between estimated as measured loss factors increased.

One drawback to the modal strain energy method in design is the
CPU time required for normal mode extraction and modal frequency
response; especially in complex structures with a large number of
elements. Although the modal strain energy method is good for finalizing
a design, it should not be used for design optimization due to the amount of
CPU time required for ncrmal mode extraction and modal frequency

response calculations.
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VIL RECOMMENDATIONS

The thick plate used in this research is a generic model of many
physical systems that may see use in naval application. There are several
areas which deserve more research and clarification, including the
following:

¢ Model the floating element configuration in finite elements and
check the effectiveness of the modal strain energy method in
predicting modal loss factors for this configuration.

e Investigate the capability of the modal strain energy method to
predict loss factors for thick, lightly damped plate configurations. It
is possible that the modal strain energy method works better for
lightly damped configurations.

* Investigate methods for improving the adhesion of ISD-112 to the
base structure and constraining layer.

* Investigate the possible use of the floating element as an additional
vibration absorber by changing its mass in order to damp a specific
frequency. In this same idea, the use of tuned dampers along with

the constrained layer treatments could be looked at.
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FORTRAN PROGRAM USED TO COMPUTE MODAL LOSS FACTORS
FOR THE SINGLE DAMPING LAYER DESIGN

This program used the Ross—Kerwin-Ungar equations of Section III
to compute estimated modal frequencies and loss factors for the single layer
configuration. Modal frequencies for an undamped plate are read from a
data file and estimated modal frequencies and loss factors for various layer
thicknesses are output to another file. Material properties of ISD-112 are -
computea using University of Dayton data and curve-fitting equations to the
reduced frequency nomogram [Ref. 9,12]. The units used in this program

are pounds, inches, and seconds.
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COCOONOOOCOC OO0 ONaONOo0COOCCaCaOOaOOOoOOOOOO0OoOcaancannnn

loXe?

FROGRAIY CARPET

LS E PO AT EFS RS E RSS2SR IEASESEE LR PSSR C LRSS ER LRSS E TS
THTS PROGRAM IS5 TO CALCULATE SYSTEM LOSS FACTIORS FOR VARIOUS
TENPERATURES AUD MODES OF A CUHJIRAIHFD LAYER VISCOELASTIC
DAMPING SYSTEN USTHG THE ROSS-KERHIN-UNGAR EQUATIONS.  SYSTEM LOSS
FACIORS ARE COMI'UILD FTUR A IFHILPAlUPE RAHUGE OF 30-100 DEGREES
FAREHHEII. BAGSE PLATE THICKHLSSES VARY FROM 0.375 T0 0.75 INHCHES
IN 0.125 ITHCREMENIS,  FOR EACH BASE PLATe THICKHESS, THE VISCOFLASTIC
THICKHLSS IS VARIED FROM 0.015 10 0.060 YL HES IH 0.015 INCH
THCRENENTS.  FOR EACH VISCOELASTIC THICKHESS THE CONSTRAIHING
LAYER THICKHESS 15 VARIED FROM 0.0625 10 0.25 IHNCHES IN
0.0625 IHCH THCREMENTS.
THIS I'ROGRAM APLIES 10 A FREC-FREE-FREE-TREE PLATE.

THE VISCOELASTIC MATERIAL I3 3M ISD-112.
THE FOLLOHING COFFFICIFHTS ARC DEFINHED:

£l = YOUNG'S MODULUS NF BASE FLATE (P3I)

£E2 = YOUNG'S MODULUS OF VISCOELASTIC LAYER (PSI)
L3 = YOQUHG'S MODULUS OF COHSTRAINING LAYER (PSI1)
G2 = SHEAR NODULUS OF VISCOELASTIC MATERIAL (PSI)
Hul POISS0H'S RATIO OF BASE PLATE

HU2 = POISS0N'S RATIO OF VISCOELASTIC MATERIAL
H1 THICKHNESS OF BASE PLATE (IN)

H2 THICKHNESS Of VISCOELASTIC LAYER (1IN
H3 THICKHESS OF COHSTRAINING LAYER (IN
HIOT = TOTAL PLATE THICKHESS (IH)

ENul = DENSITY OF BASE PLATE (LBF-SEC*¥2/IN%x4)

R10OZ2 = DEH3ITY OF VISCOELAS1IC MATERIAL

RHOS = DENSITY OF CONSTRAINING LAYER

10, FROM, MROM. M, ML, ETFROL,SL,5H,FROL, & C ARE COEFFICIEHNTS
FOR THE REDUCED FREQUEHCY HOMOGRAM EQUATIOHNS

FPo= MODAL FREQUENCY OF THE UNDAMPED BASE PLATE (HZ)

FCP = MODAL FREQUENCY OF THE COMPOSIIC PLATE (HZ)

E1A2 = LOSS FACTOR OF VISCOELASTIC HMATERIAL

ETAS = SYSTEM LOSS FACTOR

KQR = HAVE NUMBER OF PLATE

GC = GRAVITATIGHAL CONSTANT (IN/SEC¥x2)

! = TFIWPCRATURE OF VISCOELASTIC MATERIAL (DEG F)

VP = MODAL FREQUCNCY OF UNDAMPED PLATE (RAD/SGEC)

e = MODAL FREQUENCY OF UHDAMPED PLATT (HZ)

MeP o o= 10DbAL FREQUENCY OF DAMPED PLATE (RAD/SEC)

YCr = NUDAL FREQUENCY OF DAMFED PLATE (HZ)

th)
H)

THE UNITS USED IN THIS FROGRAM ARE LB, INCH, SEC, DEGREES F

UHDANPED MODAL FREQUENCIES ARE FROM A FINITE ELEMENT AHALYSIS
OF THE FREE-TREE-FREE-FREE PLATE.

RESULTS ARE OUTPUT TO DATA FILE "LOSFCTR DATAM
PRIOR 10 RUNNING THE PFROGRAM TYFE THE COMMAMD
"FILEDEF LOSFCTR DISK LOSFCTR DATA"

FINITE ELEMCNY MODAL FREQUENCIES ARE INPUT FROM FILE:
"PLIFRRQ DATA"™

UYWAY MY R NXMEAENNE KX FE XXX E NN ERERNNRF NN NEREXK RN XN KKK

REAL E1,E2,E3,HUL.HUZ2,H],H2,H3,RHOL1,RHOD2,RHO3,HTOT
REAL T0,FROM,MRUM,H,ML,ETFROL,SL,SH,FROL,C

REAL FP,FCP,ETA2.ETAS,KQR,P],GC, T

REAL TR1O0,ETA210,5URLY,SUB2,SUB3,MLO

REAL H21,H31,G.C1,ALPHRE.ALPHIM, BRE, BIM, DELRE

REAL DEUIM,EHCUBE, 5UB4, SUBS, WP, HCP, DENS, SUB6, 5UB7, SUBS
INTEGER v

DINENSTON HP(8)

PI=G.¥ATANCE )

OPCHOUNTT=10,FILE="LOSFCIR',STATUS='0LD")
OFENCUNIT=11,FILL="PLIFRQ",STATUS='0LD")
ASSTIGH MATERIAL CONSTANTS FOR BASE TLATE,CONSTRAINING LAYER
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AND VISCOELASTIC

oo

Huz=.5
DCFINE CONSTANTS FOR MOMOGRAM EQUATIONS

leXele]

T0=104.0
FROM=2.0E4
HN0MM=688.946
H=-.275
ML=3.7
EIFROL=1.08
SL=0.45
SH=-.55
FROL=5000.0
c=2.5

BASE FLATE THICKHNESS LOOP
H1l=0.37

5
po 100 J=
HRITECLD
A
0

oOooon

703 FORMAT(
HRITECL

1,4
703) 'BASE PLATE THICKHESS, H1=',!l1
7,F4.3)

*)

2

VISCOFELASTIC THICKHNESS LOOP

OO0

H2=0.015
D0 150 v=1,1

(OHSTRAIHING LAYER THICKHESS LOOP

[ekeXe!

H3=0.0625
) '"WISCOELASTIC LAYER THICKHESS, H2=',H2

2
2) 'CONSTRAINING LAYER THICKNESS, H3=',H3
F6.4)

L=
10
10
10
(A
10
10,7003 *TEMP',*MODE*, "FCP',"ETAZ2', 'ETAS', 'G2?

7 (A3,3X,AS5,6A15)
C
C FPLATE MODE LOOP, READ MODAL FREQUENCY AND COMPUTE WAVE HUMBER
C
HTOT=HItH2+H3
po 300 I1=1,8
READCIL,¥) HPCD)

CALCULATE MODAL FREQUENCY AND WAVE NUMBER OF BASE PLATE

lelpXe]

SUB7 = SQRTC(ELI¥(HTOT*X3)xGC)/(12.%(1.-HUL1%%X2)*RHO1xH1))
KRR-HP(1)/5UB7
FP=HECI)/Z(2.%¥P])

TENPERATURE LOOFP

[eXeke}

T=30.0
DO 400 K=1,15

CALCHULATE PROFPERTICS OF VISCOELASTIC FOR GIVEN TEMPERATURE AND
MODE

OO0

01 FRIC=LOGIOCIPY-C12.%(T~-T0))/(525.+41-70)
FR=10.%¥¥(I'R10)
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A-(FR10-LOG1OCFROL))/C
SUBI=C*¥((SL4SH)*¥AM(SL-GH)*¥(1.-SQRTC1 . +AX%X2.)))/2.
CTIA210=LOGIUCETFROL)+5UB]

VISCOELASTIC LOSS FACIOR

aoo0n

ETA2=10.%x(ETA210)
SUB2=2.¥LOGLO(MROM/ML)
SUBZ=1.+(FROM/FR)xxH
1110=L0G10(MLI+3UB2/5UB3
YISCOELASTIC SHEAR MODULUS
G2=10.%%(M10)
VISCOELASTIC YOUNG'S MODULUS
E2=G2x%2.%(1.4NU2)

CALCULATIONS FOR DAMPED PLATE AT TEMPERATURE T USING
KERWIN-UNGAR EQUATIONS

o000 OO0 OO0

G=G2703*H3¥H2*KQR)

H21=(H11H2)/2.

H31=H2+ (H1+4H3) /2.

Cl=ClxH1%(l . +G)+0OXE3¥H3
D=G¥ETA2X(EY*H1+E3*H3)
ALPHRE=GXEIXHY*EI¥HIx(H3)%%2 )% (C1+DXETA2)
ALTHIM=G¥EL1XHI¥E3%H3I*(H31%%x2, )*C1¥ETA2
BRE=E1¥HIXE2XHZ¥H3I1IX(C1+DXETAZ)
BIM=E1¥HIXEZXH2*¥H3I1IX(C1¥ETAZ-D)

S5UB8=2 . XGY¥E2¥H2XE3XH3XH21%¥H31XC
DELRE=5UB3*((1.-(ETA2¥%2 ))+(Dx(2.XETA2)))
DELIM=SUBS¥(C1¥(2.¥ETA2)-(D¥(1 . -(tTA2%¥2,))))
SUBA=(12./7(C1¥%2.,4D¥%¥2 ) ) (ALPHRE-BRE-DELRE)
EHCUBE=(E1*(HIX*%3,))+E3I¥(HIx*3 . )+5UB4

MODAL FREQUENCY OF DAMPED PLATE

[eXeke!

DEHS=RHOI*H1+RHO2¥H241H2¥RHO3
SUBS=(EHCUBEXGC) /7 (12.%(1.-HUl1¥>2 )¥DENS)
HCP =V QR¥3QRI(SUBS)

Frep=Herzscz2.¥rP1)

COMPARISON OF FP AND FCP

ekele]

IF CABS(1.-FP/7FCP).LE. 0.13 THEN
G010 500

CLSE
FP=fCp
cOI10 501

ENDLF

COMPUTE SYSTENM LOSS FACTOR

00 SUB6=(12./(C1x¥2 +Dx¥2 ) )x(ALPHIN-BIM-DELIM)
ETAS=(]1./LHCUBEL)X5UB6

FRINT RESULTS

OO0 OO0

MRITE(10,701) T,I,FCP,ETAZ,ETAS,G2
701 FORMAT(S5X,F7.3,2X,12,3X,4E15.4)
C

C HEXT TEHPCRATURE

C

1=745.0
400 CONTINUE
o

C HEXT MODE
C

HRITECIO, X)
300 ConTIiuE
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REHINDCUNHIT=11)

c

C  HEXT COMSTRAINING LATER THICKNESS
C

H3=H310.0625

200 CONTINUE

C

C MHEXT VISCOELASTIC LAYER THICKHESS
C

H2=H2+0.015
150 COHTINUE
C
C HNEXT BASE PLATE THICKNESS
C

H1=H1+0.125

100 COHTINUE
CLOSECUNIT=]
CLOSECUNIT=1
END

0)
1)
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APPENDIX B

FORTRAN PROGRAM USED TO COMPUTE MODAL LOSS FACTORS
FOR THE DOUBLE DAMPING LAYER CONFIGURATION DESIGN

This program uses the Ross—Kerwin—Ungar equations of Chapter 3
to compute estimated modal frequencies and loss factors for the double
layer configuration. Modal frequencies for an undamped plate are read
from a data file and estimated modal frequencies and loss factors for
various layer thickness combinations in the double layer configuration are
output to another data file. Material properties of ISD-112 are computed
using University of Dayton data and curve-fitting equations to the reduced
frequency nomogram [Ref. 9,12]. The units used in this program are

pounds, inches, and seconds.
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PROGRAM THOLYR

2SS S S EREEELREETSTSSSREEOE RS SRESEEEEEE.832 338333383333 328.2338 888

THIS FPROGRAM COMPUTES THE SYSTCM 1L 0SS FACTOR AHND MODAL FREQUENCY OF
A DOUBLE COHNSTRAINED LAYER VISCOELASTICALLY DAMPED PLATE. THE LOSS
FACTORS ARE COMPUIED FOR A SPECIFIC PLAVE/DAMPING LAYER
CONFIJGURATION AND OVER A TCHMIPCRATURE RANGE O 30-100 DEGREES
FAREHHETIT.

THIS PROGRAM APPLIES TO A FREF-FREE-FREE-FREE PLATE AND THE UNDAMPED
MODAL FREQUENCIES ARE LETERMINED FROM FINiTE ELEMELT ANALYSIS AND
ARE READ INHTO THIS FROGRAM FROM FILE 'PLIFRQ'.

THE VISCOELASTIC MATERIAL IS5 3M 1SD-112. VISCOELASTIC MATERIAL
DATA IS FROM UNIVERSIIY OF DAYTON RESEARCH INSTITUIE

THE UNITS USED IN THIS PROGRAM ARE LB, INCH, SEC, AHD DEGREES F.

L0535 FACTORS, DAMPED FLATE MODAL FREQUEHCIES, AHD ISD-112 FROPERTIES
ARE CONPUTED IN SUBROUTINE *RKU' FOR EACH H-TH CONHSTRAINED LAYER
SYSTENM., UPOM COMPLETION OF EACH TENTERATURE COUPUTATION THE SYSTEM
LOSS FACTOR AND CORRESPONDING DANPED PLATE FREGUENCY ARE WRITTEN 10
FILE "THOLYR DATA'.

THE FOLLOMHING COEFFICIENTS ARE DETIHNED:
El = YOQUNG'S NODULYUS OF BASE PLATE (PSI)
E> = EQUIVALENT YOUNG'S NUDUIUS OF H-TH CONSTRAINED LAYER SYSTEMN
EAPRM = YOUNG'S MODULUS OF THE CONSTRAINING LAYER IN H-TH LATER
EHCUBE = EQUIVALENT STIFIHNESS OF CONSIRAIHNED LAYER SYSTEHN
ETA3 = SYSTEM LOSS FACIOR
ETA3 = LOSS FACTUR OF H-TH COHSTRAINED LAYER SYSTEM
ETAZFM = LOSS FACTOR OF CONSIRATHING LAYER IN THE N-TH LAYER (=0
FCP = FREQUEHCY OF THE DAMPFED PLATE  (HZ)

P = FREQUENCY OFf UNDAMPED PLATE (HZ)

GC = GRAVITATIOHAL COHSTANNI

H1l = THICKHESS OF BASE PLAIE

H2 = THICKHESS OF 151 VISCOCLASTIC LAYER

H3 = THICKHESS OF H-TH COHSTRAIHED LAYER SYSTEM
H4o = TOTAL DAMPED PLATE THICKHESS

HlFPH = THICKNESS OF BAGE LAYER IN N-TH LAYER

HZ2ERM = THICKNESS OF VEI IN N-TH LAYER
HIPRIT = THICKHNESS OF CONSTRAIHNING LATER IN H-TH LAYER
KOR HAVE NUNBCR OF UNDAMFED FLATE

Hury FOISSON'S RATIO OF BAGE PLATE AND COHSTRAINING LAYERS
Hi2 POISSON'S RPATIO OF VISCOELASTIC MATERIAL

HUZPREM = POISSON'S RATIO OF VEM IN N-TH LAYER

FHOL = DENSITY OF BASE FPUATE AND COHSTRAINING LAYERS

RHO2 = DENSITY OF VISCOELASTIC MATERIAL

RHO2PH = DEUSITY OF VEM IH H-TH LAYER

RHO> = DENSITY OF H-TH LAYER (= RHOL)

RHO3FPHM = DENSITY OF M-TH LAYER COHSTRAINIHNG LAYER

T = TEMPERATURE VARIABILE

MP = FRCQUENCY OF UNDANFED PLATE (RAD/SEC)

[T

C,EITROI .FROL, FROM.ML,MRON, H,5H,51,T0 = COEFFICIENTS FOR THE
REDUCED FREQUENCY HOMOGRAM EQUATIOHNS

LES ER AR RS EESEE SRS ERER RS REeS et Ee s s SsSE2 S 22232 3231

REAL C,EY.E3,F3PRM, EHCUBE, CTAS,ETA3, FTAZPM, ETFROL,FCP,FP, FROL
REAL FRON.GC ,Hl,H(,H).HG,HIPPH H2PRM, H3PRM, KQR, ML, MROM, N, HU1
REAL nuz,nuern, ri,RHUL,RHOZ, RHO2PM, SH,5L,SUBY,T,710,HP

REAL RHUJ,RHUSFH !

DIDCHSION 1P C17)
FI=¢.0%ATANCL.0)

C
wI LY

OPENCUNTT=10,FILE="PLIFRQ",ST !
f=0

1
OFENCUNTT=11,T1L THOLYR', ST

Tl
r—-
UC

ASSIGH LAYER THICKHESSES




Hl=0.5

He=0.045
HITRM=0.09375
H2PRN=0.015
H3PRM=0.093575
H3=HIPEMYHZPRMIHSPRHM
Hoy=H1 PH2HH3

ASSIGH MATERIAL CUNSTAHTS

ooO0

£E1=1.007
RHU1=0.0968
HUl=0.33
RHO2=0.035
HUZ2=0.49
RHO2I1=0.035
HuZrPM=0.5
RH0O3=0.0968
ESPRM=1.0C7
RHOSPM=0.0968
ETA3HM=0.0
ETA3 = 0.0

GC=386.0
DEFINE VISCOELASTIC COHSTAHTS FOR HOMOGRAM EQUATIOHNS

aocoHO O

(@}

PRTICC11,700) "H1 =',HL
MRITECDIL,700) "HE =',H2
IRITEC1,700) "HIPRIME =", HIPRN
HETHLell,760) "HZPRIME =', H2PRM
HRTTECI1.,700) "HSPRINE =',H3MRM
HRTTECT), ¥)
HRTTECIY, %)
700 FORNATCALZ,F6.5)
PRITECIt, 700y trEMPEt, TMODE', 'FCP Y, TETAS?
701 FORMATCAS, X, A5,2A15)
HRITECLL, ¥)
C
C PLATE NODFE LOOP
c
DO 100 1-1,17
FEADCIO, %) HIP(1)
C
C  CALCULAIE NODAL FREQUENCY AND HAVE NUMBER OF UNDAMFPED FPLATE
C
SUBI-SQRTICCRELI*¥(HAX*¥3)¥GC) /(12 .%(1,-NUL1XX2)IXRHO1¥HG))
KQR-1IE (1) 75UDB1
Fr=prcl) (2.
C
C TENPERATURE LOOP
C
=0
Lo con K=1.15
C
C COMPUTE SYSTEM LOSS5 FACTOR AND STIFFNESS FOR N-TH LAYER
C

CALL RKUCHLIPRM, H2PRM, H3PRM, E1,RHOL, HUL, HU2I'M, RHOZI Y, E3PRM, RHO3PH,
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COTASIH, T,IP,KQR, CTAS, EHCUBE, TCP, TO, FROM, MROM, N, ML, ETFROL, 5L, SH,

CrROL,C)
C
€ COUNVLERT RCSULTS FROM H-TH LAYER CALCULATIOH T0 TOTAL PLATE
C
ETA3= 0.0
FP o= 1 CI)s2.¥xP1)
C FP=FCP
J=EHCUBE/ (HI*X3)
C
C COMPUTE SYSTEM LOSS FACTOR AND FREQUENCY FOR TOTAL PLATE
C
CALL RYUCH1,H2,H3,E]1,RHOT,HUL,HU2,RH02,E%, RHO3,ETAS, T, FP,KQR, ETAS,
CCHCUBE, FCP, 10, FROM,NROM, N, ML, ETFROL, 5L, SH, FROL,C)
C
C  PRINT RELULITS
c
MRITE(IL,702) 1,1,1CP,ETAS
702 FORMAT(S5X,F7.3,2X,12,3X,2E15.4)
C
C  HEXT TEMPERATURL
C
T=Tt5.0
<00 COHTINUE
C
C HEXT MODE
C

HMEITCC1], %)
100 ConTInuE
C
SECUNT
SECUNI

—_—
"o
— s
Q-
~—

CLo
ClO
£ND
AR AR AAR R A ARES AR AL IS AR EES RS R R ARSI SRS RSNt e s s s st
AR AR RS A SO SE RS ERER s a2 AR s e s s s s s s aios s

coon

SUBROUTING RYUCHL,H2,H3,E1,RHOT . HUL,NU2,RH02,E3,RHO3,ETAS,T,FP,
CHQR, ETAS, EHCUBRE, FCP,T0, FROM, MROM, N, ML, ETFROL, SL,SH,FROL,C)

XXXV XXX XXNEYY X XNNHUA N XM E NN KRN XXFELEREEARREA XU X XN XN XN

THIS SUBRGUTINE CALCULATES VISCOEIASTIC PROPERTIES BASED ON THE
UHTVERSIIY OF DAYTON REDUCED FREQUENCY HOMOGRAM EQUATIOHNT, AND THEH
CALCULATES PLATE STITFHESSES AND L0535 FACTORS BASED ON THE ROS55-
FERHIH-UHSAR EQUATIONS.

THE FOLLOWING ADDITIOHAL VARIABLES ARE DEFIHED FOR USE IN THIS
SUBRUUTINE:

A = COEFTICIECHT FOR NOMOGRAM FQUATIOHNS

ALPHIM, ALPHRE = THAGINARY AHD REAL COMPOHENTS OF COEFFICIENT
ALPHA TN THE EKY EQUATIONS

BIM, BRE = INAGINARY AHD REAL COMPONENIS OF COEFFICIEHNT 'B' IH
THE RKU EQUATIOHNS

Cl.D - COCFFICIENTS FOR RKU EQUATIOQNS

DELIM.DELRE = IMAGIHARY AHD REAL COMPOMEHNTS OF COEFFICIENT
DELTA IN THE RFKU FQUALIOQOHS

DENS = COMBINATION OF MATERTAL DENSJITIES USED TO COMPUTE THE
FREQUENCY OF THE DAMPED PLATE AHD DAMPING LAYERS

EHCURE = EQUIVALFNT STIFFNESS OF DAMPED FPLATE AS COMPUTED
USIHG FEKU EQUATIONS

ETA2 = LOSS FACIOR OF VEM CONMPUTED IH NONOGRAM EQUATIONS

ETAZ210 = LOG1O(EIAZ?) :

ETAS = SYSTEN LOSS FACTOR COMPUTED BY RKU EQUATIONS

FCP = MODAL FREQUFNCY OF DANPED PLATE (H7)

FP o= NODAL FREQUENCY OF UHDANTED PLATE (HZ)

OCOoOOoOONOOOCOoNOOCOn oo O oacan

IR REDPUCED FREQUENCY OF VEM

FRIO = LOGINCFRY

GZ = SHEAR MODULUS OF VEM

Hel.H3) = REKU EQUATION COEFFICIENTS

110 = LOGIN(G2)Y AS CONPUTED BY HOMOGRAM EQUATIONS
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OO0

(9]

wnwoOonon

01

OCcoO Oo0oo0n

aoon

aco

[elgXe

a00n

HCP = FREQULCHCY OF DAMPCD PLATE (RAD/SEC)

EEE S S E RS S S SRS ESERESS et e SRRttt et sy

REAL A.ALPHIM,ALPHRE,BINM,BRE.C,C1,D,DELIN, DELRE, DENS,E1,E2,E3
REAL EMCUDBE,ETA2,EIA3,ETA210,E1AS,ETTROL,FCP,FP,FR,FR10, FROL, FROM
RUAL G.G2,0CC,H1,H2,H3,1H21,H31,KQR,ML0, ML, MHOM, 1, HUL,HUZ2,P],RHOL
REAL RHOZ2,RHO3, 53H,51,5UB1,S5UB2,5UB3,S5UB4, 5UB5, SUB6,3UDB7,SUB8

RLAL SUB9Z,5UBL1O,S5UBL1LY, T,T0,HCP

PI=G.O0XATANCL1.0)
6C=386.0

CALCULATE PROPERTIES OF VEM FOR GIVEL TEMPERATURE AND MODE

FR10=LOGIO(FP)-(12.%(T-T0))/(525.47-70)
FR=10.%%x(+rR10)

A=(+'R10~LUG10CFROL))/C
SUBLI=Cx((SL+SH)XA+(SL-SH)X(1.-SQRT(1.+A%xX%2}))/2.
ETA210=LOGIO(CETFROL)+5UBIL

VISCOELASTIC LOSS FACTOR
ETA2=10.%X%(ETA210)
VISCOELASTIC SHEAR MODULUS

SUB2=2.xLOG10(MROM/IML)
SUB3=1.+4(FROM/FR)XxH
M10=L0G10(ML)+5UB2/SUBJ
G2=10.%%(M10)

VISCOELASTIC YOUNG'S MODULUS
£E2=G2%2.%x(1.+NU2)
CALCULATIONS FOR DAMPED PLATE USING RKU EQUATIOHS

G=G2/ (E3XH3IX¥H2XKQR)

H21=(H1+H2)/2.

H31=H2+4(H1+H3),2.
Cl=E1¥H1%(]1.+G)+GXE3XHI*(1.-ETAZ2XETAZ)
D=GXEl1XHIXETA2+G*E3I¥HIX(ETAZ+ETA3)
SUBA=GXEIXHI*E3IXH3IX(H3]1x%2)
ALPHRE=SUBGx(CI1X(1.-ETAZXETA3)+DX(ETA2+ETAZ))
ALPHIM=S'JBGX(CIX(ETAZ+ETA3))
SUBS=E1XHIXE2xH2xH31
BRE=SUB5%(C1+D*ETA2)
BIM=SUB5(C1XETA2-D)

SUBG=2 . XGXE2XH2XE3¥H3IxH21%xH31
SUB7=1.-2.%ETAZXETAZ-(ETA2%%2)
SUBB=2.%ETA+ETAZ-(ETAZ*¥2)XETA3
DELRE=SUB6X(C1%SUB7+4DxSUBS)
DELIM=SUB6X(C1%SUB8-D*SUB7)

SUB9=(12.7(C1%%2+D¥x2))*(ALPHRFE-BRE-DELRE)
EHCUDBE=EL1*(H]1x%3)Y4+E3¥(H3IxXx3)+SUB9

MODAL FREQUENCY OF DAMPED FPLATE

DENS=RHOIXNH1+RHOZ¥H2 +RHO3¥H3
SUBLO=C(EHCUBE*GC) -~ (12.x(HUL1Xx2)XDENS)
HCP=KQRXSQRT(SUDB10) '
FCP=HCP/(2.%P1)

COMPARISON OF FP AND rcCP

IFCABSC(1.-FP/FCP) .LE. 0.10) THEN
GO10 500

ELSE
FR=rCp
GOTO0 501
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CNDIF
COMPUTE SYSTEM LOSS FACTOR

Sl eleXe]

00 SUB11=(¢12./(C1x%x2+D%x2))*(ALPHIM-BIM-DELIM)
ETAS=(1./EHCUBE)X((E3¥H3I*XETA3)+S5UB11)

END

(@]
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APPENDIX C

DESIGN DRAWINGS FOR THE MACHINING
OF THE FLOATING ELEMENT AND
POCKET PLATE CONFIGURATIONS

The drawings shown in Figures C.1 and C.2 were used to machine
the pocket plate and floating element plate used in the experiments. These
drawings are included to show the relation of the pocket for the ISD-112 to
the cover plate and how the viscoelastic was protected from the heat of

welding.
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Figure C.1. Design drawing of the pocket plate configuration.
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Figure C.2. Design drawing of the floating element configuration.
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APPENDIXD

REPRESENTATIVE MSC/NASTRAN DATA DECK FOR
THE DAMPING CONFIGURATIONS

This data deck was used to compute the modal frequency response of
the single layer damping configuration and is a representative sample of
the NASTRAN decks used for the other finite element models. The values
in the damping table are from a curve fit to the modal loss factors estimated
from the modal strain energy method. Since the data deck for the normal
mode and modal strain energy extraction is virtually identical to this deck,
the Case Control deck commands for the normal mode analysis are
included, but are commented out.

The OUTPUT request provides data for an x—y plot of the modal
frequency response.

The units used in this deck are pounds, inches, and seconds.
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id single nfr
sol 30

T TN T
THIS DECK 1S TO COMPUTE THE MODAL FREQUENCY RESPONSE OF A 15145

INCH ALUMIRUK PLATE WITH A CONSTRAINED YISCOELASTIC DAMPING LAYER.

THE MODEL HAS 252 ELEMERTS WiTH 84 ELEMENTS IN EACH LAYER. THE QUAD

ELEMENTS ARE OFFSET FROM THE HEX ELEMENTS AS SUGGESTED BY THE

LITERATURE.

THE HATERIAL PROPERTIES OF ISD-112 ARE FROM THE 3W CORPORATION.

$
$
$
$
$
$
3
3
¢
3
$ THE MODAL LOSS FACTORS IR THE DAMPiNG TABL. ARE FRON A CURVE-FIT
§ T0 THE SET OF MODAL LOSS FACTORS COMPYTED FROM THE MODAL STRAIN ERERGY
$ METHOD.

$

$

THE UNITS USED IN THIS DECK ARE POUXDS,INCHES, AND SECONDS

s ttittntatatntpgtadadansagsndtpndotratdtotaaattaiaoantdtosdetantatssnttt

time 3000

cend

title = MODAL FREQUENCY RESPORSE { 200 XZ [ 3M
method = 1

spc = |

dload = 10

frequency = 10

sdanping = 101

set 111 = 95

svector = all

acceleration(plot,phase} = 11l

output(xyplot)

xyprint acce [ 95(t3)

z tetdtatidtannntt

$ THE FOLLOWING LINES ARE THE CASE CONTROL DECK CARDS FOR THE
$ NORMAL MODE EXTRACTION ARD STRAIN ENERGY REQUEST
$ method = |

$spc=1

$ set 10 = all

$ set 11 = 169,thru,252

$ ese = 11

$

s fedasestnenttte

BEGIN BULK

$ TITLE = SINGLE LAYER WITH QUAD OFFSET

§ DATA DECK PRODUCED BY PATNAS VERSION 2.0: 24-ROYV-89 08:31:48
GRID 1 45.0000 15.0000 0.51500

GRID 2 45.0000 15.0000 0.50000
GRiD 3 45,0000 12.5000 0.51500
GRID 4 45.0000 12.5000 0.50000
GRID 5 45.0000 10.0000 0.51500
GRID 6 45.0000 10.0000 0.50000
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GRID
GRID
GRID
GRID
GRIv
GRID
GRID
GRID
GRID

GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID

9

10
11
12
13
14
15

16
17
i8
19
20
21
22
23
24
25
26
21
28
29
30
3l
32
KX)
34
35
36
37
3e
39
40
4]
42
43
4“4
45
46
47
46
49
50
51
52
53
54
55
56
57

95

45.0000 7.50000
45.0000 7.50000
45.0000 5.00000
45.0000 5.00000
45.0000 2.50000

45.
45,
45.
4

41
11
1l
11
41
11
{1
11
41
il
41
41
41
38.
38
38.
38.
38.
38.
38.
38.
38
38
38,
38.
38,

38.
L3571

35
35.
35.
35.
3.
35.
35.
35.
35.
35
35,
35.
J5.
35.
2.

0000
0000
0000

.7851

7857
1851
.7857
.7857
. 1851
.7857
.7857
L7857
. 7851
.7857
.7857
. 7857
. 78517

5714

5714

5714
5714
5714
5714
5714
5114

5714
5714

5114
5714
5114
5714

3571
KLY
N
3571
3571
3511
KLY
351

3571

3571
3571
KLY
N
1429

2.50000
0.

0.
15.0000

15.0000
12.5000
12.5000
10.0000
10.0000
7.50000
7.50000
5.00000
5.00000
2.50000
2.50000
0.

0.

15.0000
15.0000
12.5000
12.5000
10.0000
10.0000
7.50000
7.50000
5.00000
5.00000
2.50000
2.50000
0.

0.
15.0000
15.0000
12.5000
12.5000
10.0000
10.0000
7.50000
7.50000
5.00000
5.00000
2.50000
2.50000
0.

0.

15.0000

0.51500
0.50000
0.51500
0.50000
0.51500
0.50000
0.51500
0.50000
0.51500

0.50000
0.51500
0.59000
0.51500
0.50000
0.51500
.50000
51500
.50000
.51500
0.50000
0.51500
0.50000
0.51500
0.50000
0.51500
4.50000
0.51500
0.50000
0.51500
0.50000
0.51500
0.50000
0.51500
0.50000
0.51500
0.50000
0.51500
0.50000
0.51500
0.50000
0.51500
0.50000
0.51500
0.50000
0.51500
0.50000
0.51500
0
0
¢

0
0
0
0

.50000
.51500
50000
0.51500




GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GHID
GRID
GRID
GR1D
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRIP
GRID

58
59
60
61
62
63
64
65
66
67
68
69
10
n
12
73
1
75
16
n
18
9
80
81
82

63

84
8%
86
81
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108

96

3.
32.
3.
J2.
32.
3.
.
3.
3.
3.
3.
2.
J2.
28.
26.
28.
28.
28.
28.
28.
28.
28.
28.
28.
28.
28.
28.

25.7143 15.0000 0.
25.7143 15.0000 0.
25.7143 12.5000 0.

1429 15.0000 0.
1429 12.5000 0.
1429 12.5000 0.
1429 10.0000 0.
1429 10.0000 0.
1429 7.50000 0.
1429 7.50000 0.
1429 5.00000 0.
1429 5.00000 0.
1422 2.50000 0.
1429 2.50000 0.
1429 0. 0.
1429 0. 0.
9286 15.0000 0.
9286 15.0000 0.
9286 12.5000 0.
9286 12.5000 0.
9286 10.0000 0.
9286 10.0000 0.
9286 7.50000 0.
9286 7.50000 0.
92686 5.00000 0.
9286 5.00000 0.
9286 2.50000 0.
9286 2.50000 0.
9286 0. 0.
9286 0. 0.

50000
51500
50000
51500
50000
51500
50000
51500
50000
51500
50000
51500
50000
51500
50000
51500
50000
51500
50000
51500
50000
51500
50000
51500
50000
51500
50000
51500
50000
51500

25.7143 12.5000 0.50000
25.7143 10.0000 0.51500
25.7143 10.0000 0.50000
25.7143 7.50000 0.51500
25.7143 7.50000 0.50000
25.7143 5.00000 0.51500
25.7143 5.00000 0.50000

25.
25.
25.
25.
22.
22.
22.
22.
22.
22.
22.
22.
22.
22,

7143 2.50000 0.
7143 2.50000 0.
7143 0. 0.
1143 0. 0.
5000 15.0000 0.
5000 15.0000 o©.
5000 12.5000 0.
$000 12.5000 0.
5000 10.0000 0.
5000 10.0000 0.
5000 7.50000 0.
5000 7.50000 0.
51500
5000 5.00000 0.

5000 5.00000 0

51500
50000
51500
50000
51500
50000
51500
50000
51500
50000
51500
50000

50000




GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GR1D
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GhlD
GRID
GRID

GRID.

GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GR1D
CRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID

109
110
I
112
113
14
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133

13¢

135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
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22.5000
22.5000
22.5000
22.5000
19.2857
19.2057
19.2857
19.2857
19.2057
19.2857
19.2857
19.2857
19.2857
19.2857
19.2857
19.2857
19.2857
19,2857
16.0714
16.0714
16.071¢
16.0714
16.0714
16.0714
16.0714
16.0714
16.0714

16.0714
16.0714
16.0714
16.0714
16.0714
12.8571
12.8571
12.857)
12.851
12.8571
12.8571
12.8571
12.8571
12.857
12.8571
12.8571
12.8571
12.857
12.85M11
9.64286
9.64286
6.42857
6.42857
3.21429

2.50000 0.
2.50000 0
0. 0
0. 0
15.0000 ¢
15.0000 0
12.5000 0.
12.5000 ¢
10.0000 0
10.0000 0
7.50000 ¢
1.50000 0.
3.00000 0,

5.00000 0.
.51500
2.50000 0.
51500
.50000
.51500
15.0000 0.
12.5000 0.
12.5000 0.

2.50000 0

0.
0.
15.0000

10,0000 0

7.50000 0
5.00000 0
5.00000 ¢
2.50000 0
2.50000 0
0. 0
0. 0
15.0000 0
15.0000 0
12.5000 0
12.5000 0
10.0000 0.
10.0000 0
7.50000 o
7.50000 0
5.00000 0
5.00000 ¢
2.50000 0
2.50000 ¢
0. 0
0. 0
15.0000 0
15.0000 ¢
15.0000 0
15.0000 0.
15.0000 o.

51500

.50000
51500
50000
51500
.50000

51500

.50000
.51500
.50000
51500

50000
51500
50000

50000

50000
51500
50000

.51500
10.0000 0.
7.50000 0.
50000
.51500
50000
.51500
.50000
.51500
.50000
.51500
.50000
51500
50000

50000
51500

51500

.50000
.51500
-50000
51500
.50000
.51500
.50000
.51500
.50000
.51500
.50000
.51500

50010
51500




GRID
GRID
GRID
GRID
GRID
GRID
CRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID
CRID
GRID
GRID
GRID
GRID
GRID
GRID
GRID

160
16l
162
163
164
165
166
167
168
169
170
1
1712
173
Wl
175
176
1n
178
179
180
181
182
183

184

185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
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3.21429

0.
9.64266
9.64286
64206
64286
9.61206
$.64286
9.64266
9.64286
9.64286
9.64286
9.64206
9.64286
6.42857
6.420857
3.21429
3.21429
0

0.
6.4285%7
6.42857
6.42857
6.42857
6.42857
6.42857
6.42857
6.42857
6.42857
6.42857
3.21429
3.21429
0.

0.
3.21429
3.21429
0.

0.
3.21429
J.21429
J.21429
J.21429
3.21429
3.21429

S oo
« s e 4 e .

15.0000
15.0000
15.0000
12.5000
12.5000
10.0000
10.0000
7.50038
7.50000
5.00000
5.00000
2.50000
2.50000
0.

0.

12.5000
12.5000
12.5000
12.5000
12.5000
12.5000
10.0000
10.0000
7.50000
7.50000
5.00000
2.50000
5.00000
2.50000
0.

0.

10.0000
10,0000
10.0000
10,0000

(=]
.

5.00000
2.50000
7.50000
5.00000
.50000
.50000

0.
0.
0.
0.
0.
0
0.
0.
0.
0.
0.
6.
0.

0
0.
0
0.
0.

0.
0.

0
0
0
0
0
0
0
0
0
0
0
0
0
0.
0.
0.
0
0
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

0.

2
1
2.50000 0.50000
5

50000
51500
50000
51500
50000

.51500

50000
51500
50000
51500
50000
51500
50000

51500

50000

.51500

50000
51500
50000
51500

.50000
.51500
50000
.51500
.50000
.51500
.51500
.50000
.50000
51500
.50000
.51500

50000
51500
50000
51500
50000
51500
50000
51500
51500
51500
50000
50000
50000
51500
51500
51500
50000

.00000 0.50000




CQuaDy
CQUAD4
COUADY
CQUADY4
CoUADY
CQuADY
COQUADY
couand
CQUADA
CQUADS
CQUAD4
CQUADY
COUADS
CQUAD4
CQuaAD4
CQuAD4
CQUADY4
CQUADY
CQUADY4
CQuand
CQUADY4
COUADY
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196
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154
140
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112
98
84
70
56
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28
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185
172
152
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68
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26
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2
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168
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192
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146
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118
104

90

16

209
204
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172
152
138
124
110
96
82
60
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4
26
210
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187
170
150
136
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66
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64
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36
22
194
192
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